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Introduction

Cilia and flagella are highly conserved organelles involved in
various cellular and physiological processes. Defects in cilia
assembly are responsible for many human diseases (Badano et 
al., 2006; Baker and Beales, 2009; Brown and Witman, 2014). 
Cilia are built around a microtubule core, the axoneme, which 
grows from the basal body (BB), itself derived from the mother 
centriole. At the interface between the BB and the plasma mem-
brane, a particular compartment, the transition zone (TZ), plays
both structural and functional roles by regulating the traffiff c in
and out of the cilium and by forming structural links between
microtubules and the membrane (Hu and Nelson, 2011; Szy-
manska and Johnson, 2012). Several ciliopathies, such as the
Joubert syndrome and the Meckel syndrome (MKS) or neph-
ronophthisis (NPHP) are caused by defects in TZ components
(Czarnecki and Shah, 2012).

TZ assembly is a complex process starting with the dock-
ing of the mother centriole to cytoplasmic vesicles and the
timely and spatially ordered assembly of multiple proteins. TZ
components have been extensively described in several organ-
isms (Szymanska and Johnson, 2012). Genetic approaches in
Caenorhabditis elegans (Williams et al., 2011) and biochemical
approaches in mammalian cells helped to establish a first com-
prehensive hierarchy of these components (Chih et al., 2011; 
Garcia-Gonzalo et al., 2011; Sang et al., 2011). They fall into
different modules, namely MKS, NPHP, and CEP290. Proteins

of the MKS module colocalize and together contribute to the
formation of the TZ in various organisms, from C. elegans to 
mammals. In C. elegans, MKS, NPHP, and CEP290 cooperate
to assemble the TZ (Williams et al., 2011; Jensen et al., 2015; 
Schouteden et al., 2015; Yee et al., 2015). Upstream, MKS5 
(mammalian Rpgrip1L or NPHP8) controls the assembly of the
MKS and NPHP complexes on centrioles (Jensen et al., 2015;
Schouteden et al., 2015; Li et al., 2016). However, variations
exist between model organisms, and all TZ components are 
not conserved in all ciliated species. For example, MKS5 and 
several other NPHP proteins are absent from the Drosophila
melanogaster genome (Barker et al., 2014). Additional compor -
nents of the TZ have been identified, but their integration in the 
hierarchy of TZ assembly is not yet clear. For instance, Chibby
(Cby) is a component of the TZ in Drosophila and vertebrates
(Voronina et al., 2009; Enjolras et al., 2012; Lee et al., 2014; 
Shi et al., 2014), but how Cby contributes to TZ assembly re-
mains to be characterized. Cby is absent from C. elegans and 
protozoa genomes (Enjolras et al., 2012). Dila (Azi1 in mam-
mals) is also not present in C. elegans but is required for TZ 
assembly in Drosophila or for ciliogenesis in mammals and
is also associated with centriolar satellites in vertebrates (Ma 
and Jarman, 2011; Hall et al., 2013; Villumsen et al., 2013;
Chamling et al., 2014). Therefore, key components of TZ as-
sembly in C. elegans or mammals such as MKS5 are missing in
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Drosophila, and the mechanisms of TZ assembly in this organ-
ism are largely unknown.

Two main ciliated tissues are found in Drosophila: sen-
sory neurons, in which cilia are required for transducing most 
senses, and sperm germ cells (Gogendeau and Basto, 2010). 
Sensory cilia assembly relies on intraflagellar transport (IFT) 
and is hence compartmentalized in Drosophila (Han et al., 
2003; Sarpal et al., 2003). In contrast, flagella assembly in male 
germ cells is IFT independent and said to be cytosolic (Han et 
al., 2003; Sarpal et al., 2003; Basiri et al., 2014; Avidor-Reiss 
and Leroux, 2015). Such cytosolic mode of assembly is also 
proposed in mammals for the formation of the sperm midpiece 
(Avidor-Reiss and Leroux, 2015). In Drosophila, cytosolic 
flagella extension takes place inside a membrane ciliary cap, 
which requires Cep290 for proper organization and architecture 
(Basiri et al., 2014). This membrane cap is built in G2 Drosoph-
ila spermatocytes, when all four replicated centrioles dock to 
the plasma membrane and grow a primary cilium. During mei-
osis, the four primary cilia are internalized together with cen-
trioles, maintaining the membrane ciliary cap connected to the 
plasma membrane (Tates, 1971; Carvalho-Santos et al., 2012; 
Riparbelli et al., 2012; Jana et al., 2016).

Here, we show that MKS proteins are involved in Dro-
sophila TZ assembly, but simultaneous removal of several MKS 
components only leads to very mild TZ and axonemal defects. 
Instead, deleting both Cby and Dila, two components of the TZ 
in Drosophila, leads to extremely severe TZ disorganization 
with complete loss of MKS components and severe reduction 
of Cep290. In absence of Cby and Dila, BBs fail to dock to 
the plasma membrane of spermatocytes and assemble the cil-
iary membrane cap required for sperm flagella elongation. In 
absence of this ciliary cap, aberrant growth of axonemal mi-
crotubules is observed in spermatocytes. We demonstrate that 
Klp59D, a kinesin-13 family member, is present at the ciliary 
cap and is required for proper and timely regulated growth of 
the axoneme. We therefore propose that the ciliary cap is neces-
sary to restrict and timely coordinate ciliary component assem-
bly in Drosophila spermatocytes.

Results

Organization of TZ components in Drosophila
In mammals and C.  elegans, three protein complexes (MKS, 
NPHP, and CEP290) have been shown to be key players of TZ 
assembly. CEP290 and most MKS module proteins are con-
served in Drosophila, whereas most NPHP components are 
missing (Fig.  1  A). In addition, Cby and Dila, two proteins 
conserved in mammals, were shown to be located at the TZ 
and involved in cilia assembly in Drosophila (Ma and Jarman, 
2011; Enjolras et al., 2012). To understand more precisely how 
these components work together, we tagged several MKS pro-
teins and compared their distribution in relation to Cby and 
Dila. We previously showed that B9d1 colocalizes with Cby 
in embryonic sensory cilia (Enjolras et al., 2012). Here, we 
show that the other members of the MKS module, B9d2, Mks1/
B9d3, Tectonic (Tctn), and Cc2d2a, are found at the TZ at the 
base of sensory cilia as illustrated in chordotonal neurons of 
the antennae (Fig. S1).

In male germ cells, a dynamic behavior of centrioles and 
cilia takes place (Fig. 1 B). In midstage spermatocytes, all four 
centrioles dock to the plasma membrane and primary cilia like 

structures are extended at the surface of late spermatocytes 
(Tates, 1971; Carvalho-Santos et al., 2012; Riparbelli et al., 
2012). Using superresolution 3D structured-illumination mi-
croscopy (3D-SIM), we observed that from early to late sper-
matocytes, Cby completely overlaps with acetylated tubulin 
(Fig. 2 A). Moreover, Mks1 (Fig. 2 D) colocalizes with Cby at 
the TZ. Membrane staining also reveals that Cby extends into 
the entire membrane cap in spermatocytes (Fig. 2 E). These re-
sults show that TZ and primary cilia are mingled at this stage, 
indicating that the primary cilium has a TZ composition.

The centrioles and cilia are next engulfed during meio-
sis (Tates, 1971; Fabian and Brill, 2012). In round spermatids, 
the centriole/BB still extends into the internalized ciliary mem-
brane cap that is linked to the plasma membrane (Fig.  1  B). 
At the onset of flagellar axoneme elongation, the ciliary cap 
elongates and migrates opposite to the nucleus as a result of 
flagellum extension (Tates, 1971; Basiri et al., 2014). A par-
ticular structure called the ring centriole has been described in 
spermatids of many insects and corresponds to the base of the 
ciliary cap in elongating spermatids (Phillips, 1970; Fig. 1 B). 

Figure 1. TZ components in Drosophila and scheme of spermatogenesis. 
(A) Scheme of TZ components present in mammals assigned in different 
functional modules. Conserved proteins in Drosophila are in red, not con-
served in blue. Unc is present in Drosophila, not in mammals. (B) Scheme 
representing centrioles/basal bodies (BBs) at different stages of male germ 
cells. In early spermatocytes, the two pairs of centrioles (magenta) start to 
accumulate TZ components (green) at their tips. During spermatocyte matu-
ration, centrioles convert to BBs (magenta), dock to the plasma membrane, 
and extend cilia/TZ (green). During meiosis, BBs and cilia/TZ are internal-
ized, keeping the ciliary cap connected to the plasma membrane. In round 
spermatids, the BBs are apposed to the nuclei and extend the ciliary cap 
(green) connected to the plasma membrane. Ring centriole (blue) connects 
the base of the ciliary cap to the centriole. Starting axoneme elongation, 
the ciliary cap is extended, the axoneme grows (black), and the ciliary cap 
and ring centriole progressively migrate away from the BB.
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The cilia transition zone limits axoneme growth 877

Figure 2. Localization of TZ components in Drosophila male germ cells. (A–D, F, and G) 3D-SIM imaging of male germ cells. Recapitulating schemes are 
based on Fig. 1. (A) Acetylated tubulin (acTub) and Cby overlap in spermatocytes. In elongating spermatids, Cby is restricted to the ring centriole (arrow), 
and acetylated tubulin stains the axoneme proximal and distal to the ring centriole. (B) Unc labels the BB, and Cby and Unc colocalize along the TZ/cilia 
(arrows). The ring centriole labeled with Unc and Cby (arrowhead) separates from the BB in elongating spermatids. (C and D) Tctn, Cc2d2a, B9d1, and 
Mks1 colocalize at the tip of the centrioles (Asl, red) and overlap with Cby in spermatocytes. In early elongating spermatids, all MKS components cover the 
entire ciliary cap, whereas Cby is restricted to the ring centriole. (E) Live confocal imaging of Cby and Mks1. Membranes are labeled with CellMask. Cby 
labels entirely the cilia/TZ in spermatocytes, and Mks1 labels the entire ciliary cap (arrows) in spermatids. (F) Dila covers the entire lumen of centriole and 
projects into the TZ/cilia marked by Cby or Unc in spermatocytes and round spermatids. Dila is at the base of centrioles (arrowhead), and a small fraction 
migrates with the ring centriole in the spermatid (arrow; gamma was adjusted to 1.35 for the green layer). (G) Cby surrounds Cep290 both at the TZ/
cilia and at the ring centriole as observed on a scan profile of fluorescence intensity (grayscale units) across (white line) the TZ/ring centriole. Bars, 1 μm.
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Previous observations showed that the ring centriole is marked 
by Unc and Cby (Baker et al., 2004; Enjolras et al., 2012; Got-
tardo et al., 2013) and this is confirmed here by comparing Cby 
to acetylated tubulin staining (Fig. 2 A, spermatid).

To understand more in details the organization of the TZ 
in spermatocytes and spermatids, we used superresolution 3D-
SIM. In spermatocytes, we observed that Unc marks the whole 
centriole and cilium/TZ. Moreover, Cby and Unc radially 
overlap in the cilium/TZ (Fig. 2 B, arrows), but Cby extends 
a little more distally to Unc. MKS components Cc2d2a, Tctn, 
B9d1, and Mks1 (Fig. 2, C and D) are restricted to the cilium/
TZ, distal to the centriole (Asterless [Asl]), where they overlap 
with Cby. Dila distribution was found to be very different from 
other TZ components. It is localized inside the centriole and 
also inside the cilium/TZ lumen and capped by Cby (Fig. 2 F). 
Dila also strongly stains an unknown round shaped structure 
(Fig. 2 F, arrowhead) at the base of some centriole pairs. Last, 
Cby is found more radially to Cep290 (Fig. 2 G).

In spermatids, a dynamic remodeling of TZ components 
is observed at the onset of flagella elongation: whereas Cby and 
a ring of Unc separate from the BB (Fig. 2 B, arrowhead) MKS 
components are redistributed all along the membrane cap that 
is extended at this stage, as observed both on high-resolution 
images (Fig. 2, C and D) and by live imaging (Fig. 2 E and Fig. 
S2). Note that costaining of MKS proteins with Cby showed 
that these components are enriched at ring centriole but also 
extend distal to Unc and Cby all along the ciliary cap. Dila is 
maintained, like Unc, at the BB, and a very small fraction of 
Dila is sometimes detected at the ring centriole, apposed to Cby 
(Fig. 2 F). Dila is disassembled from both the BB and the TZ 
soon after initiation of spermatid elongation. All other ciliary 
cap and ring centriole components (Cby, Mks1, B9d1-2, Tctn, 
Cd2d2A, and Unc) are disassembled from flagellar tips at the 
onset of sperm individualization.

Absence of Drosophila MKS module at the 
TZ only mildly affects cilia assembly
To understand the function of the MKS module, we created by 
CRI SPR-Cas9–mediated homologous recombination a null al-
lele of simultaneously B9d2 and tectonic (tctn), as these two 
genes overlap in the genome (Fig. 3 A). B9d2, tctnΔ flies are via-
ble and do not show sensory behavioral defects. Males produce 
motile sperm and show only slightly reduced fertility (mean 
progeny per male: 99 [control] and 84 [B9d2, tctnΔ]; Fig. 3 B). 
In agreement with these observations, ultrastructural analysis 
of the antennae chordotonal cilia did not reveal structural de-
fects of the axoneme or of the TZ (Fig. 3 C). We still observe 
transition fibers and Y-like linkers connecting, respectively, the 
centriole or axoneme to the plasma membrane in both control 
and B9d2, tctnΔ flies. However, because these structures are dif-
ficult to observe in Drosophila, we cannot totally exclude that 
subtle ultrastructural defects could occur in absence of the MKS 
complex. In contrast, sperm flagella show weakly penetrant but 
statistically significant ultrastructural defects (Fig.  3  D). Ap-
proximately 10% of sperm flagella are broken or disorganized 
(Fig. 3 E), showing that Tctn and B9d2 are somehow involved 
in building stable axonemes.

We next analyzed the molecular organization of the TZ 
in absence of B9d2 and Tctn (Figs. 4 and S1). Cby and Cep290 
are still recruited at the TZ (Fig. 4, A and B). We measured both 
the length of the centriole, labeled for Asl, and the length of the 
TZ labeled with Cep290 or Cby in absence of B9d2 and Tctn 

(Fig.  4  C), and we observed a small but significant decrease 
of TZ length that was correlated with an increase in centriole 
size. Strikingly, we observed a complete disruption of the MKS 
complex, as Mks1 and B9d1 are not recruited to the TZ in B9d2, 
tctnΔ spermatocytes (Fig. 4, D and E). B9d1 localization was 
rescued by reintroducing both tctn and B9d2 (Fig. 4 F). This 
shows that B9d2 and Tctn proteins are required to organize the 
MKS complex and that the absence of several proteins of the 
MKS complex at the TZ is largely dispensable for cilia assem-
bly (Fig. 4 G). Based on this observation, we conclude that the 
MKS complex alone has only a subtle role in the organization 
of the TZ and ciliary cap in Drosophila sperm cells.

Cby and Dila cooperate to build the 
Drosophila TZ
In contrast to the weak impact of MKS protein deficiency on TZ 
assembly, mutations in proteins localized at the ring centriole 
lead to more severe phenotypes. Mutations in unc, cby, dila, 
or cep290 provoke marked uncoordination phenotypes caused 
by defects in ciliated neurons of the peripheral nervous system 
and show severe male infertility (Baker et al., 2004; Ma and 
Jarman, 2011; Enjolras et al., 2012; Basiri et al., 2014). Defects 
in Unc, Cby, and Dila lead to marked disorganization of sensory 
cilia, but BB still dock and build a TZ with only mild (Unc 
and Cby, showing interrupted distal segment of the TZ) or even 
no ultrastructural defects (Dila). The ultrastructure of sensory 
cilia was not investigated in cep290 mutants. In spermatids, loss 
of Cep290 modifies the MKS protein distribution at the ciliary 
cap (Basiri et al., 2014).

Strikingly, when we combined cby and dila mutations, we 
observed severe consequences on the function and architecture 
of sensory neurons. Flies are completely uncoordinated and 
cilia are absent in chordotonal neurons as observed by immuno-
fluorescence (IF) and EM analyzes (Fig. 5, A and B). Centrioles 
fail to build a TZ (Fig. 5, B and C), and Cep290 and Mks1 are 
absent at dendritic tips (Fig. 5 E). In dila81; cby1 double mu-
tants, we did not manage to observe typical features of docked 
BB such as transition fibers, present both in control or cby1 mu-
tant flies (Fig. 5 C). However, centrioles are present at the tip of 
the dendrites and apparently show distal projections but are not 
connected to the membrane (Fig. 5, C and D). This phenotype 
differs from observations of mutants of genes encoding centri-
olar proteins, such as plp, for which all BBs fail to reach the 
distal part of the dendrite (Galletta et al., 2014).

Altogether, these results show that Cby and Dila cooper-
ate to build the TZ and recruit most described TZ components 
in Drosophila sensory neurons (Fig. 5 F).

In double dila81; cby1 mutant flies, in addition to strong 
sensory defects, males are completely sterile. No mature sperm 
is produced and examination of testes shows that sperm cysts 
failed to elongate whereas the overall size of the testes is not 
reduced (Fig.  6 A). EM examination of testes indicates a se-
vere disorganization of sperm cysts (Fig. S3 A). Most axon-
emes were absent or completely damaged. Because cysts 
were severely disorganized, we could only count the number 
of remaining axonemes relative to the number of major mito-
chondria derivatives. Out of 442 mitochondria, only 5 intact 
axonemes (1.2%) and 28 recognizable but destroyed axonemes 
(6.3%; Fig. S3 A) could be identified. These observations in-
dicate a strong genetic interaction between cby and dila in fla-
gella formation, as we observed only a small fraction (14%) of 
defective flagellar axonemes in cby1 mutants (Enjolras et al., 
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The cilia transition zone limits axoneme growth 879

2012) and no axonemal defects were described in dila81 mutants 
(Ma and Jarman, 2011).

In the absence of both Cby and Dila, we observed that 
Mks1 and B9d1 (Fig. 6 B) are absent at the tip of BB in Dro-
sophila spermatocytes and spermatids. Cep290 was also almost 
completely lost (Fig.  6  C; greater than sevenfold reduction), 
whereas no differences in the overall expression levels of Mks1-
GFP or Cep290-GFP could be detected in the testes by Western 
blot (Fig. S3 B). These observations again reveal strong ge-
netic interactions between dila and cby as MKS proteins and 
Cep290 are still present in the single cby or dila mutants and 
their distribution is only slightly modified (Fig. S4). Only Unc 
was still present in absence of Cby and Dila (Fig. 6 D). How-
ever, Unc distribution was altered, with an expansion of its ex-
pression domain, suggesting a defective organization of the ring 
centriole and membrane cap in the dila81; cby1 double mutant. 

EM observations of the centrioles in Drosophila spermatocytes 
showed that centrioles did not form a primary cilium-like struc-
ture, failed to dock to the plasma membrane, and had an odd 
orientation inside the cell (Fig.  7 A). No ciliary cap was ob-
served in spermatocytes. Centrioles were apparently normally 
formed, showing the regular triplet arrangement and the pres-
ence of the central tube (Fig. 7 A, a2 and a5, arrow). Strikingly, 
aberrant microtubule extensions from centrioles were observed 
(Fig. 7 A, a3, a4, and a6, arrowheads). The absence of docking 
of the centrioles to the plasma membrane was confirmed by live 
imaging of centrioles in spermatocytes (Fig. 7 B). In addition, 
we could confirm the absence of the ciliary cap in spermatids by 
detecting Rab8, which strongly labels the cap from end of meio-
sis to late elongation stages (Fig. S3 C). In dila81; cby1 sperma-
tids, Rab8 staining was completely absent from BB distal ends, 
whereas Rab8 was not affected in dila81 mutants and present at 

Figure 3. B9d2, tctn mutant flies show only mild fertility defects. (A) Scheme of the tctn and B9d2 loci. Coding sequences were replaced by the white 
gene using CRI SPR/Cas9-induced homologous recombination. (B) Quantification of the number of progeny obtained from individual males (control n = 58;  
B9d2, tctnΔ n = 52; and rescue n = 47) mated with three females. Scattered plot representation with mean and SD; *, P < 0.05. (C) Transmission EM analy-
sis of adult antennae chordotonal neurons in control (c1, c3, c5, c7, and c9) or B9d2, tctnΔ mutant flies (c2, c4, c6, c8, and c10). (c1 and c2) Longitudinal 
sections showing no differences in the organization of the BB and TZ region of the cilia. (c3 and c4) Cross sections at the distal part of the BB show transition 
fibers connecting the BB to the membrane (arrows) in control and B9d2, tctnΔ mutant flies. (c5 and c6) Cross sections of the proximal part of the TZ. “Y-like” 
connectors (arrows) are observed in control and B9d2, tctnΔ flies. (c7 and c8) Cross sections of the distal part of the TZ. Small protrusions emanating from 
the axoneme and directed toward the membrane are observed (arrows) in both control and B9d2, tctnΔ flies. (c9 and c10) Cross sections at the proximal 
part of the sensory cilia show the ninefold symmetry of doublet microtubules and presence of the dynein arms (arrows) in control and B9d2, tctnΔ flies. 
DBB, distal basal body; PBB, proximal basal body; TZ, transition zone. (D) Transmission EM observations of adult testis sections. In mutant testis, a few 
broken (left and center, black arrows) or odd axonemes (11 doublets on the right) are found compared with control. (E) Quantification of the percentage of 
abnormal axonemes found per normal (n = 20) or mutant (n = 10) cysts. Results are presented as a scattered plot with mean and SD; ****, P < 0.0001.
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the ciliary cap in a significant fraction (∼35%) of the spermatids 
in cby1 mutants (Fig. S3 C).

To understand the nature of the aberrant microtubule ex-
tensions observed in the double mutants, we labeled cells with 
markers of tubulin posttranslational modifications. We found 
that microtubule extensions were acetylated and glutamylated 
(Fig. 7 C). These modifications are hallmarks of stabilized mi-
crotubules but are not restricted to the axoneme. We thus used 
a reporter marker CG6652 tagged with GFP, which specifically 
labels the spermatid axoneme in Drosophila (this study). Strik-
ingly, whereas this marker only labels the primary cilia in sper-
matocytes and the ciliary cap in round spermatids (Fig. 7 D), 
huge extensions are visualized on double mutants, both in sper-
matocytes and in round spermatids. These extensions are not 
visible in early spermatocytes and only appear at the time of 

maturation when centrioles should be docking to the plasma 
membrane. This shows that premature axoneme elongation is 
observed in spermatocytes when centrioles fail to dock to the 
plasma membrane. Altogether, our results demonstrate that Cby 
and Dila cooperate to build the TZ, which is necessary for the 
formation of the ciliary cap. In the absence of this ciliary cap, 
premature axoneme elongation takes place (Fig. 7 E).

Klp59D is present at the sperm ciliary cap 
and controls timely and proper growth of 
the axoneme
We hypothesized that premature axoneme elongation could 
be caused by defective microtubule dynamics at the tips of 
the centrioles and in particular by defective control of the bal-
ance between tubulin polymerization and depolymerization. 
Several proteins play a role in controlling tubulin assembly. 

Figure 4. B9d2 and Tctn are required to assemble the MKS complex and organize the TZ. (A, B, and D–F). IF analysis of squashed testes. (A and B) Cby 
and Cep290 localization domains are reduced in length at the TZ of the B9d2, tctnΔ mutant spermatocytes or spermatids. (C) Quantification of Cep290, 
Cby, and centriole lengths in meiosis stage in control or B9d2, tctnΔ mutant germ cells. Scattered plots with mean and SD are shown. Cep290 and Asl: 
control n = 39 and B9d2, tctnΔ n = 45; Cby: control n = 54 and B9d2, tctnΔ n = 51. ****, P < 0.0001; **, P < 0.01; ***, P < 0.001. (D and E) Mks1 and 
B9d1 are absent from the TZ in B9d2, tctnΔ mutant germ cells. (F) B9d1 localization (red) is only rescued when introducing both B9d2 and Tctn, the latter 
being fused to GFP. No rescue is observed when introducing B9d2 alone. (G) Scheme recapitulating the consequences of B9d2, tctnΔ deletion. In the ab-
sence of B9d2 and Tctn, the TZ is shorter, as revealed by Cep290 or Cby staining, and all other MKS components are missing. WT, wild type. Bars, 2 μm. 
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The cilia transition zone limits axoneme growth 

In particular, members of the kinesin-13 family of proteins are 
known to be involved in regulating tubulin depolymerization 
(Moores and Milligan, 2006). In Drosophila, three kinesin-13 
family members are present in the genome (Rogers et al., 2004; 
Hu et al., 2015). Mutations of Drosophila Klp10A lead to centri-
ole defects characterized by centriolar fragmentation, increased 
centriole lengths, and reduced size of primary cilia-like exten-
sions in spermatocytes (Delgehyr et al., 2012; Gottardo et al., 
2013), but not to aberrant microtubule extensions. These defects 
are different from those observed in dila81; cby1 double mutants. 
Knockdown (KD) of the other two kinesin-13 proteins by RNAi 
in Drosophila showed that only reducing Klp59D led to shorten 
cysts, strikingly similar to cyst phenotypes observed in dila81; 
cby1 mutant (Noguchi et al., 2011; Fig. S5 A).

We looked for Klp59D distribution using a Klp59D::GFP 
reporter transgene on live testes cyst preparation. Klp59D::GFP 
showed a dynamic distribution during germ cell differentiation 

(Fig. 8 A). In early spermatocytes, Klp59D is present through-
out the cytoplasm. During spermatocyte maturation, Klp59D 
is also enriched at the tips of the centrioles and at their bases 
in late spermatocytes. Close examination of late spermatocytes 
show clear enrichment of Klp59D in the ciliary cap protrud-
ing from the cell surface (Fig. 8 B). In elongating spermatids, 
Klp59D is concentrated at the ciliary cap and along the axon-
eme (Fig. 8 A). We next analyzed the function of Klp59D by 
expressing shRNA in Drosophila male germ cells. We observed 
that the distribution of MKS components, Dila, or Cby was ap-
parently normal in Klp59D KD spermatocytes (Fig. 8, C and F), 
suggesting that Klp59D acts downstream of TZ components. 
In support of this hypothesis, the amount of Klp59D around 
centrioles is significantly reduced compared with Asl intensity 
in the absence of both Dila and Cby (Fig. 8 D). However, Unc 
distribution was strikingly modified in Klp59D KD cells com-
pared with controls (Fig. 8 E). This phenotype is identical to the 

Figure 5. Cby and Dila cooperate to build the Drosophila TZ in sensory cilia. (A) Whole-mount staining of chordotonal organs of the second antennal 
segment showing neuronal cell bodies and dendrites (Futsch) and cilia (GT335 antibody). Cilia are missing in dila81; cby1 double mutants. (B) EM analysis 
of cross section (top) reveals an almost complete absence of cilia, the few remaining ones being severely disorganized compared with control (arrows). On 
longitudinal sections (bottom), the two BBs (DBB, distal basal body; PBB, proximal basal body) are visible at the tip of the dendrites, but no cilium and TZ 
are built (white arrow). In some cases, the two BBs are not aligned properly (right), and accumulation of vesicles is seen (asterisk). (C) EM analysis of cross 
sections at the base of the cilia. Transition fibers (arrows) can be seen connecting the BB to the membrane in control or cby1 flies. In dila81; cby1, the BB 
showed possible distal extensions, but these did not connect the membrane. (D and E) Whole-mount staining of pupae antennae. (D) Centrioles (Ana1::GFP) 
are still present at the tip of the dendrites (HRP staining) in dila81; cby1 mutants. (E) Cep290 and Mks1 are not recruited at TZ in dila81; cby1 chordotonal 
organs. (F) Scheme of the defects observed after removing Dila (*, adapted from Ma and Jarman, 2011), Cby (**, adapted from Enjolras et al., 2012), 
or both (this study). In dila81 mutant antennae, the TZ is apparently normal by EM. In the cby1 mutant, the TZ shows incomplete ultrastructural defects. In the 
double mutant, no TZ is built. Bars, 10 μm (A, D, and E).
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one observed in dila81; cby1 double mutants and was confirmed 
with CG6652::GFP labeling, showing huge axonemal exten-
sions on many centrioles in Klp59D KD cells (Fig. 8 F). Using 
a cell membrane marker, we observed that the aberrant axon-
eme elongation was associated with impaired membrane cap 
formation in male germ cells (Fig. 8 G). Furthermore, EM ob-
servations of spermatocytes showed part of the centrioles with 
aberrant microtubule elongation and disrupted ciliary cap (Fig. 
S5 D). These observations indicate that membrane cap forma-
tion requires strict control of microtubule elongation. Addition-
ally, EM analysis showed a severe disorganization of spermatid 
axonemes similar to defects observed in dila81; cby1 mutants. 
Very few axonemes were apparently normal, and most were 
missing or broken (Fig. S5, B and C). Altogether, our results 
show that Klp59D is required for timely control of axonemal 
growth during male germ cell differentiation. Removal of this 
protein leads to premature microtubule elongation, axonemal 
structural defects, and defective ciliary cap formation.

Discussion

Here, we show that TZ assembly in Drosophila involves coop-
erative actions of Cby and Dila, both in sensory neurons and 
male germ cells. More importantly, we reveal that a timely 

control of the balance between membrane cap assembly by TZ 
components and microtubule elongation by kinesin-13 micro-
tubule remodeling is required for proper axoneme formation in 
Drosophila male germ cells.

Flagella assembly in Drosophila male germ cells does not 
rely on IFT, as null mutations in IFT components have no con-
sequences on flagella formation (Han et al., 2003; Sarpal et al., 
2003). It is thus considered to be cytosolic, in contrast to the 
more widely conserved IFT-dependent ciliogenesis, which is 
said to be compartmentalized (Avidor-Reiss and Leroux, 2015). 
However, proteins of the ring centriole/TZ such as Unc, Cby, or 
Cep290 are required to compartmentalize the flagellar growing 
end in Drosophila through the formation of a ciliary cap (Baker 
et al., 2004; Enjolras et al., 2012; Basiri et al., 2014). The exact 
function of this ciliary cap is not clear (Avidor-Reiss and Ler-
oux, 2015). It was proposed that the formation of the ciliary cap 
is associated with the formation of a diffusion barrier, which 
protects the ciliary end from cytoplasmic proteins (Basiri et al., 
2014; Avidor-Reiss et al., 2015). Our results are in agreement 
with this hypothesis and suggest that the ciliary cap is required 
to create a specific environment that restricts axonemal growth, 
as precluding ciliary cap formation in dila81; cby1 mutants leads 
to aberrant microtubule extensions and unstable axonemes. On 
the other hand, our results show that unbalanced microtubule 
growth prevents ciliary cap formation. In agreement with this 

Figure 6. Cby and Dila cooperate to build the TZ and ciliary cap in male germ cells. (A) Whole-mount Drosophila testis expressing the tagged mitochon-
dria protein DonJuan::GFP observed by bright-field and confocal microscopy. The cysts fail to elongate in dila81; cby1 mutants. (B–D) Confocal imaging of 
centrioles/BB of squashed testes. (B) Detection of Mks1::GFP or B9d1 (green) and Asterless or γ-tubulin (red), respectively. Mks1 and B9d1 are absent from 
the tip of the centrioles in spermatocytes and from the tip of BB in spermatids of dila81; cby1 mutants. (C) Cep290::GFP (green) and Asterless (red) staining. 
Cep290 localization at the tip of the centrioles in spermatocytes and at the tip of BB in spermatids is almost completely lost in dila81; cby1 mutants. (D) No 
significant differences in Unc::mkate2 localization is observed at early spermatocyte stages. Unc::mKate2 localization is expanded in dila81; cby1 mutants 
from midspermatocyte stage and in spermatids (arrows). Bars: (A) 50 μm; (B) 5 μm; (C and D) 2 μm.
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The cilia transition zone limits axoneme growth 883

conclusion, previous work showed that treatment of spermato-
cytes with Taxol leads to Unc domain extension, associated 
with aberrant axoneme elongation and defective ciliary cap for-
mation, when treatment was applied on spermatocytes before 
BB docking, but not when applied after BB docking (Riparbelli 
et al., 2013). Therefore, cytosolic ciliogenesis in Drosophila is 
regulated by a precise balance between microtubule extension 
from the centriole distal end and membrane cap formation.

This mechanism is apparently specific to cytosolic cilio-
genesis. In dila81; cby1 sensory cilia, the total absence of the 
TZ is not associated with aberrant axoneme elongation. This 
also indicates that centriole docking in this tissue is a pre-
requisite to elongate the axoneme. Klp59D is not expressed 
in sensory neurons, and driving Klp59D shRNA expression 

in sensory neurons did not reveal any sensory defects. These 
differences could reflect particular properties of centrioles in 
Drosophila spermatocytes. Indeed, all four centrioles convert 
to BB in spermatocytes, whereas only the mother centriole does 
so in sensory neurons (Tates, 1971). Therefore, different sets 
of proteins should be involved in centriole maturation in sper-
matocytes compared with sensory neurons. Further work will 
be required to understand molecular differences between sperm 
and sensory basal bodies.

Another set of observations highlights the particular be-
havior of spermatocyte centrioles. Mutations in TZ proteins 
have shown that reducing the length of primary cilia-like/TZ in 
spermatocytes is associated with an increase in length of the cen-
trioles. This was observed when removing Cep290 (Basiri et al., 

Figure 7. Aberrant centriolar extension is observed in male germ cells in the absence of the ciliary cap. (A) Transmission EM analysis of spermatocyte 
cilia. In control late spermatocytes, centrioles (arrow) are docked to the membrane and cilia (arrowhead) extend at the cell surface. In dila81; cby1 mutants, 
centrioles (arrows) do not dock to the membrane (a3, a4, and a6) and microtubules extend from the centrioles (arrowheads). The centrioles are apparently 
unaffected and show the central tubule (a2 and a5, arrows). (B) Live imaging of Drosophila spermatocytes labeled with CellMask showing the centrioles 
(Ana1::GFP) docked to the plasma membrane protruding at the ciliary cap (white arrows) in control cells. The centrioles are present in an inverted orien-
tation under the plasma membrane (dashed line) and not extending a ciliary cap. (C) Squashed spermatocytes and spermatids showing acetylated-tubulin 
extension (arrows) of the centrioles in double mutants compared with control. Aberrant microtubule extensions are also glutamylated (arrow, GT335 
antibody). (D) Confocal imaging of squashed testes showing aberrant extensions of centrioles (arrows) in spermatocytes and spermatids. CG6652::GFP 
only labels the axoneme and no other microtubules in testes. (E) Scheme summarizing the roles of Cby and Dila in TZ and cilia assembly in Drosophila 
spermatocytes. Removal of Dila does not affect TZ components (see Fig. S3). The absence of Cby mildly affects MKS protein recruitment. Removal of both 
completely disorganizes TZ assembly and ciliary cap formation. The absence of ciliary cap is associated with aberrant and premature axonemal extension 
in spermatocytes. Bars, 2 μm (B–D).
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Figure 8. Klp59D acts downstream of TZ components to regulate axonemal assembly in spermatogenesis. (A) Live observation of Klp59D::GFP distribu-
tion. In spermatocytes, Klp59D is first cytoplasmic and next recruited at centrioles. In elongating spermatids, Klp59D::GFP is present at the tip of the BB and 
along the axoneme and ciliary cap. (B) Magnification of centrioles and primary cilia in late spermatocytes, showing the localization of Klp59D::GFP in the 
cilia/TZ extension (labeled with Cby::Tomato) and at the base of the centrioles. (C–E) Confocal imaging of squashed testes. (C) TZ components Dila and 
Mks1 are recruited normally at centriole tips (Asl antibody) in spermatocytes and spermatids in Klp59D KD compared with control testes. (D) Quantification 
of Klp59D and Asl relative intensities in control or dila81; cby1 spermatocytes. Significant differences are observed for Klp59D. Scattered plots with mean 
and SD are shown (control n = 52; dila81; cby1 n = 46). (E) Unc::GFP expression domain is extended in late spermatocytes and spermatids (arrows) in 
Klp59D KD compared with controls. (F) Cby is still present at the tip of centrioles, but huge axonemal extensions are labeled by CG6652::GFP in Klp59D 
KD testes. (G) Live cyst imaging using the membrane PLCδPH-mRFP and Unc::GFP reporters. In control cysts, a membrane cap (arrows, straight line indicat-
ing the range of the cap) is present at the tip of centrioles and BBs. In Klp59D KD, the membrane cap is absent when aberrant microtubule extensions are 
observed, as revealed by the extended expression domain of Unc. Bars: (B and D) 1 μm; (A, C, and E–G) 2 μm.
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The cilia transition zone limits axoneme growth 885

2014), and we made identical observations on B9d2, tctnΔ mutant 
testes. Thus, reducing ciliary cap extension allows centriole elon-
gation, suggesting a balance in centriolar extension controlled by 
the TZ. Such a balance was also revealed by removal of Klp10A, 
which leads to an increase in centriole elongation and in a si-
multaneous reduction of primary cilia/TZ extension (Gottardo et 
al., 2013). Hence, the kinesin-13 proteins Klp10A and Klp59D 
likely play complementary functions at the spermatocyte TZ by 
restricting, respectively, centriole elongation or TZ elongation.

The function of kinesin-13 family members in ciliogenesis 
is still unclear and sometimes contradictory. In protozoa, such as 
Giardia intestinalis, Leishmania, or Trypanosoma, removal of 
kinesin-13 leads to longer flagella (Blaineau et al., 2007; Dawson 
et al., 2007; Chan and Ersfeld, 2010) in agreement with a tubu-
lin-depolymerizing function of these proteins. It has also been 
proposed that kinesin-13 proteins play a role in maintaining a 
free tubulin pool to promote axoneme assembly (Wang et al., 
2013). However, recent studies suggest more complex roles of 
kinesin-13 members in cilia assembly. In mammals, Kif24 is 
required to regulate centriole length by interacting with CP110 
(Kobayashi et al., 2011). Such a function is also true for Klp10A 
in Drosophila (Delgehyr et al., 2012; Franz et al., 2013). Thus, 
one possible explanation for the observed phenotype in the dila81; 
cby1 double mutant would be that CP110 is prematurely removed 
from centrioles, as Dila and CP110 have strikingly similar local-
ization inside the TZ lumen (this study and Franz et al., 2013, 
respectively). However, complete removal or overexpression of 
CP110 in Drosophila did not lead to measurable ciliary defects 
and obviously did not lead to aberrant centriolar extensions in 
male germ cells (Franz et al., 2013). Therefore, modulation of 
CP110 activity cannot explain the aberrant axonemal growth ob-
served in the testes in both dila81; cby1 mutants and Klp59D KD.

In Tetrahymena, kinesin-13 protein was shown to act as 
an axoneme assembly factor by regulating the levels of tubulin 
modification and in particular tubulin acetylation inside the cilia 
(Vasudevan et al., 2015). It is tempting to speculate that Klp59D 
could play such a function in the ciliary cap of the sperm germ 
cell. However, it is difficult to test this hypothesis, as quantifi-
cations of differences in tubulin modifications inside the ciliary 
cap by IF are difficult and biochemical quantification of tubulin 
modifications is limited by the huge amount of nonaxonemal 
(cytoplasmic) modified microtubules in male germ cells.

Our study reveals both analogies and differences in TZ 
assembly between Drosophila and other organisms. In mam-
mals, MKS proteins play a critical function on TZ assembly and 
subsequently cilia function as revealed by human ciliopathies, 
in which these proteins are mutated (Garcia-Gonzalo et al., 
2011; Czarnecki and Shah, 2012; Reiter et al., 2012). In C. ele-
gans, mutations in the five core members of the MKS complex 
(Tctn, MKSR-1 [B9d1], MKSR-2 [B9d2], MKS1 [B9d3], and 
MKS6 [Cc2d2A]; Bialas et al., 2009; Williams et al., 2011; Yee 
et al., 2015) have no effect on cilia architecture and sensory 
function. However, functional interactions were revealed be-
tween them, as their localization at the TZ is interdependent. 
In addition, whereas no genetic interactions are revealed when 
looking at sensory functions, combining mutations in several 
of these genes led to modified lifespan, suggesting that MKS 
components cooperate in specific ciliary signaling functions in 
C. elegans. (Bialas et al., 2009). In Drosophila, our results indi-
cate that, like in nematodes, the MKS complex has only subtle 
functions on TZ and cilia assembly and that MKS components 
exhibit functional interactions, as removing B9d2 and Tctn is 

sufficient to completely alter the recruitment of the other MKS 
members. In this context, we do not expect to reveal genetic 
interactions by combining other mutations in MKS components 
together with our B9d2, tctn mutant. Our observations therefore 
suggest that the hierarchy and function of MKS components are 
likely conserved between C. elegans and Drosophila.

In contrast, strong genetic interactions have been de-
scribed between MKS and NPHP components in C. elegans. 
In particular, MKS5 (Rpgrip1L or NPHP8 in mammals) acts 
upstream of all other components to build the TZ (Fig. 1 A), 
and NPHP4 and 1 interact with MKS complex proteins to or-
ganize the TZ (Williams et al., 2011; Sung and Leroux, 2013; 
Yee et al., 2015). These NPHP members are not conserved 
in Drosophila. Therefore, other proteins should be required 
to organize the ciliary TZ upstream of the MKS complex in 
Drosophila. Among conserved candidates in other organisms, 
Cep290 is required to build the TZ in Drosophila, but MKS 
components are still assembled at the TZ in Cep290 mutants 
(Basiri et al., 2014), thus suggesting that other TZ components 
act upstream of MKS. Here, we demonstrate that cby and dila 
show strong genetic interaction in TZ assembly, whereas mu-
tating each separately only shows moderate effects. These re-
sults highlight for the first time the synergistic roles of Cby and 
Dila in building the TZ.

Cby and Dila are not present in C. elegans but are con-
served in mammals. In mouse, Cby plays an important role in 
motile ciliated epithelia, as demonstrated by the severe airway 
ciliogenesis defects observed in Cby knockout mice (Voron-
ina et al., 2009; Burke et al., 2014). In mammalian cells, Cby 
is also required for primary cilia assembly (Lee et al., 2014). 
Interestingly, mammalian Cby is required to dock centrioles 
to the plasma membrane (Voronina et al., 2009; Burke et al., 
2014), a function that is only revealed in Drosophila by re-
moving both Cby and Dila (Enjolras et al., 2012; this study). 
Mammalian Cby is required for Rab8-mediated ciliary vesicle 
assembly (Burke et al., 2014), and we show here that Rab8 
recruitment at the ciliary cap is also partially affected in cby1 
mutant flies and strikingly completely abolished in dila81; 
cby1 double mutants. This suggests a conserved role of Cby in 
Rab8-associated membrane cap assembly from Drosophila to 
mammals and highlights that Dila is also required for this pro-
cess in Drosophila. In mammals, Azi1 (Dila in Drosophila) is 
a centriolar satellite component required for centriole duplica-
tion, but it is also localized at centrioles and is required for cilia 
assembly (Hall et al., 2013; Villumsen et al., 2013; Chamling et 
al., 2014). However, its function in TZ assembly has not been 
investigated. In Drosophila, Dila is found restricted to the BB 
and TZ and is required for cilia assembly, but no specific de-
fects of the TZ were detected in mutant flies (Ma and Jarman, 
2011). Thus, our study in Drosophila reveals that Dila is also 
involved in building the TZ but that alternative pathways can 
compensate for Dila deficiency in TZ assembly. Such compen-
sation mechanisms have also been proposed for Azi1 in mam-
mals (Hall et al., 2013).

In conclusion, our study reveals critical genetic in-
teractions between two yet-unrelated TZ proteins, Cby and 
Dila. Future work will be required to understand if such in-
teractions are also conserved in mammals. This work also 
demonstrates that the formation of a ciliary cap is essential 
to coordinate ciliary assembly during cytosolic ciliogenesis 
by creating a biochemical environment that controls axon-
emal microtubule growth.
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Materials and methods

Fly stocks and maintenance
The following lines were obtained from Bloomington Drosophila Stock 
Center: vasa::Cas9 (Bl#51323), UAS-Dcr2 (Bl#24648), and Don-
Juan::GFP (Bl#5417). The shRNA against Klp59D (v100530) was ob-
tained from the Vienna Drosophila Stock Center. The Rab8::YFP strain 
was described previously (Dunst et al., 2015). The cby1 mutant and 
Cby::GFP and Cby::Tomato transgenes were also previously described 
(Enjolras et al., 2012). The bam-GAL4::VP16 construct was described 
previously (Chen and McKearin, 2003). The Unc::GFP transgene was 
a gift from M. Kernan (State University of New York, Stony Brook, 
NY; Baker et al., 2004) and Ana1::GFP and Cep290::GFP were gifts 
from T. Avidor-Reiss (University of Toledo, Toledo, OH; Blachon et 
al., 2009; Basiri et al., 2014). PLCδPH-mRFP stock was a gift from 
J. Brill (SickKids, Toronto, Canada; Wei et al., 2008). The dila81 mu-
tant was provided by A. Jarman (University of Edinburgh, Edinburgh, 
Scotland, UK; Ma and Jarman, 2011). The flies were raised on standard 
media between 21°C and 25°C.

Drosophila reporter gene constructs
pJT61.  6xMycTag-SV40polyA fragment was amplified from pCS2+ 
nlsMT plasmid (a gift from R.  Rupp, Adolf-Buteland Institute, Mu-
nich, Germany) and cloned in the XbaI site of the pattB vector (Bischof 
et al., 2013). EGFP sequence was amplified from pEGFP-N1 plasmid 
(Takara Bio Inc.) and cloned in the KpnI site of the previous construct, 
in frame with the 6xMycTag sequence.

pJT108.  The Tomato sequence was obtained by PCR on the 
Zeo-TomatoNT-2 (a gift from R. Basto, Institut Curie, Paris, France) 
and further cloned in the KpnI site of the pattB plasmid. SV40polyA 
was amplified from pEGFP-N1 plasmid (Takara Bio Inc.) and cloned 
in the XbaI site of the previous plasmid.

pJT82.  mKate2 and SV40polyA fragments were amplified from 
pmKate2-N plasmid (Evrogen). The two fragments were further cloned 
in the XbaI site of the pattB vector.

For each gene, the entire coding and at least 1 kb of upstream 
regulatory sequences were cloned in frame with GFP in the pJT61 
vector or in frame with mKate2 in the pJT82 vector. Integration plat-
forms and primers used were Mks1::GFP (89E11 [III]): forward (F)-1, 
5′-TAA TTC GCG GCC GCC TCT TCG ACT TTC TGC TGCA-3′ and re-
verse (R)-2, 5′-TAA TTC GTC GAC AAA CTC AGC CTG GTA GTA TGC-
3′; B9d2::GFP (68D2 [II]): F-3, 5′-TAA TTC GCG GCC GCC AGC TGC 
ATT ATC AAG TAC ACC-3′ and R-4, 5′-TAA TTC CTC GAG CTT GAA 
CTC CAC GCC GTA TTC-3′; tectonic::GFP (68D2 [II]): F-3 and R-5, 
5′-TAA TTC CTC GAG GAG GCA AAG TTG CAT GGA TC-3′; dila::GFP 
(89E11 [III]): F-6, 5′-TAA TTC GAA TTC CAG CAT ACC CAC TCC GGA 
TC-3′ and R-7, 5′-TAA TTC CTC GAG TTT AAC ACA ATA ATC CTT 
GCG-3′; Klp59D::GFP (22A3 [II]): F-8, 5′-TAA TTC AGA TCT TGT 
GAC TGA CAT CTC GGTG-3′ and R-9, 5′-TAA TTC GCG GCC GCA 
GCT CGG ATT CAT CCA GCT CG-3′; cc2d2a::GFP (65B2 [III]): F-10, 
5′-TAA TTC CGG CCG GCC CTG CGA GAA TTA CCT AG-3′ and R-11, 
5′-GAA TTA CGG CCG CTC CAC CAA TGG CAC CATG-3′; unc::m-
Kate2 (59D3 [II]): F-12, 5′-TAA TTC GCG GCC GCG GAG TAC TTC 
TGC GCC AGG-3′ and R-13, 5′-TAA TTC GTC GAC CAG GTT TAT 
GCG TTT CCAG-3′; CG6652::GFP (53B2 [II]): F-14, 5′-TAA TTC 
GGA TCC AAG CTT GAA GCC CAA TTC AA-3′ and R-15, 5′-TAA TTC 
GCG GCC GCA GGT CCT GGC TCT TGT TGT CGT-3′.

For B9d1::Tomato (CG14870), the 2.9 kb BamHI–NotI 
fragment from the CG14870-6xMycTag reporter plasmid (Enjol-
ras et al., 2012) was subcloned in pJT108 in frame with Tomato 
and integrated in platform 59D3 (II). All transgenic lines were ob-
tained from BestGene Inc.

Generation of B9d2, tctn mutant
The mutant for B9d2, tctn (CG42730 and CG42731) was generated 
by CRI SPR/Cas9 catalyzed homologous directed repair (Gratz et al., 
2014). Two gRNA were selected using the http ://tools .flycrispr .molbio 
.wisc .edu /targetFinder / website: 5′-CCACGC AGC AGA TAC ACC TGT 
CC-3′ and 5′-GTT GCG AGT TGC ATA GAT GATGG-3′ (protospacer 
adjacent motifs are underlined). Oligos were phosphorylated by 
T4PNK (New England Biolabs, Inc.) and annealed. Double-stranded 
5′gRNA and 3′gRNA were cloned in the BbsI site of pBFv-U6.2 or 
pBFv-U6.2B vectors, respectively (Kondo and Ueda, 2013). 5′gRNA 
was further subcloned in the EcoRI–NotI sites of pBFv-U6.2B to 
express the two gRNAs from one vector.

The 5′ and 3′ homology arms were amplified by PCR and cloned, 
respectively, into the EcoRI–NdeI and SpeI–XhoI sites of pRK2 plas-
mid (Huang et al., 2008). The two vectors (gRNAs and homology 
arms) were injected into Vasa::Cas9 embryos. Flies were crossed to w; 
Bl/CyO virgin females and the offspring were screened for red-eyed 
flies. Homologous recombination was checked by PCR.

Immunofluorescence
Drosophila testes squashes.  For PFA fixation, testes from young adult 
flies or pupae were dissected in 1× PBS, fixed for 15 min in 1× PBS/4% 
PFA, squashed between the coverslip and slide, and frozen in liquid 
nitrogen. The coverslip was removed, and the slide was soaked for a 
few seconds in ethanol 100% at −20°C. Testes were permeabilized for 
25 min in 1× PBS/0.1% Triton X-100 (PBT) and blocked for 1 h in 
PBT/3% BSA/5% NGS. Primary antibodies were incubated in block-
ing solution overnight at 4°C or 1 h at RT. For Klp59D staining, testes 
were first kept in 1× PBS for 1 h at 4°C to depolymerize cytoplasmic 
microtubules, followed by fixation.

Methanol fixation.  Testes from young adult flies or pupae 
were dissected in PBS, opened with a tungsten needle on a slide, and 
squashed. Slide was frozen in liquid nitrogen and coverslip removed. 
Samples were fixed 10 min in methanol 100% at −20°C, washed in 
PBS and blocked for 1 h in PBS/0.1% BSA. Primary antibodies were 
incubated in blocking solution overnight at 4°C or 1 h at RT (4 h for 
acetylated tubulin). For acetylated tubulin, testes were kept in PBS for 
1 h at 4°C to depolymerize cytoplasmic microtubules before fixation.

For both fixations, fixed testes were washed in PBS and incubated 
for 1 h in secondary antibodies diluted in PBS. Slides were washed in 
PBS, incubated in Hoechst 1/1,000 for 15 min at RT, washed in PBS, and 
rinsed in ultrapure water. Slides were mounted using Dako or Vectashield.

Antennae were processed as previously described (Vieillard et 
al., 2015). In brief, Drosophila heads from 38- to 45-h pupae were 
dissected in PBS, fixed for 1 h in PBS/4% PFA, and washed in PBS. 
Antennae were blocked for 1 h in PBS/0.3% Triton X-100/3% BSA/5% 
NGS and incubated in primary antibodies diluted in blocking solution 
for 48 h at 4°C. Samples were washed three times in PBS and incubated 
in secondary antibodies diluted in PBS for 48 h at 4°C. Antennae were 
washed three times in PBS and mounted in Vectashield.

Antibodies
The antibodies used were the following: mouse anti-Futsch (1/1,000 
DSHB = 22c10), mouse anti–acetylated tubulin (1/100, clone 6-11B-1; 
Sigma-Aldrich), mouse anti–γ-tubulin (1/500; Sigma-Aldrich), mouse 
anti–polyglutamylated tubulin antibody (1/500, GT335; Enzo Life 
Sciences), rabbit anti-HRP (1/500; Jackson ImmunoResearch Labo-
ratories, Inc.), rabbit anti-GFP (1/1,000; Abcam), rabbit anti-DsRed 
(1/2,500; Takara Bio Inc.), guinea pig anti-Asterless (1/45,000; gift 
from G.  Rogers, University of Arizona, Tuscon, AZ; Klebba et al., 
2013), rabbit anti-plp (1/1,000; provided by R.  Basto, Insitut Curie, 
Paris, France; Martinez-Campos et al., 2004), mouse anti-Rab8 (1/500; 
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BD), and rabbit anti-Klp59D (1/1,000; provided by O.  Blard and 
K.  Rogowski, Institut de Géntétique Humaine, Montpellier, France). 
Generation of B9d1 (CG14870) antibody was performed by Eurogen-
tec by immunization of guinea pigs with the following two peptides: 
PGN EET TPP HEK HKQ and SAK ESV PNA MDA KAT. Crude serum 
was used at 1/2,500 dilution.

The following secondary antibodies were used (all at 1/1,000 
dilution): goat anti–mouse Alexa Fluor 488 or Alexa Fluor 594, goat 
anti–rabbit Alexa Fluor 488 or Alexa Fluor 647, donkey anti–rabbit 
Alexa Fluor 568, goat anti–guinea pig Alexa Fluor 488 or Alexa Fluor 
594 (Invitrogen), and donkey anti–guinea pig Alexa Fluor 647 (Jackson 
ImmunoResearch Laboratories, Inc.).

Confocal microscopy
All acquisitions were performed at RT. Most slides were imaged using 
an IX83 microscope (Olympus) equipped with an iXon Ultra 888 EMC 
DD camera (Andor Technology) and IQ3 software (Andor Technol-
ogy). A Plan-Apochromat N 60× 1.42 NA objective (Olympus) was 
used for all acquisitions. Some slides were imaged using an SP5X 
confocal laser scanning microscope (Leica Biosystems) equipped with 
the Application Suite software (Leica Biosystems). An HCX Plan-Apo-
chromat CS 63× 1.4 NA objective (Leica Biosystems) was used for all 
acquisitions. Acquisition of Klp59D KD whole-mount testes slides was 
made using an epifluorescence axioscope Z1 imager (ZEI SS) with an 
EC Plan-Neofluar 10×/0.3 Ph1 objective (ZEI SS), photometrics Cool-
SNAP MYO camera (Photometrics), and Metavue 7.8.0.0 software. All 
images were processed with ImageJ. Figures were created with Adobe 
Photoshop CS5. Unless stated in the figure legends, only contrasts 
and offset were adjusted.

3D-SIM
Squashes were performed on a 12-mm-diameter round coverslip with a 
44 × 60-mm overlaying coverslip. Immunofluorescence protocols were 
the same as in the Immunofluorescence section using either PFA or 
methanol fixation. Images were acquired using an Elyra PS.1 system 
(ZEI SS) equipped with a PCO edge 5.5 camera and ZEN 2012 SP2 
software (black edition). The objective used for all acquisitions is a 
Plan-Apochromat 63× 1.4 NA.

Live imaging
Testes of young adults or pupae were dissected in PBS at room tem-
perature, placed in a drop of PBS or PBS/0.5% FCS on glass-bottom 
poly-lysine–coated (Sigma-Aldrich) Petri dishes (Will-Co). Cells were 
pulled out of the testes using thinned capillaries and left to attach for 
5–15 min. For some experiments, membranes were labeled using Cell-
Mask Deep Red Plasma membrane stain (Invitrogen) diluted at 1/50 in 
a drop of Sang and Shields M3 Insect Medium (Sigma-Aldrich).

EM
Samples were processed as previously described (Enjolras et al., 2012; 
Vieillard et al., 2015). Antennae or testes were collected in PBS and 
fixed in 2% glutaraldehyde, 0.5% PFA, and 0.1 M sodium cacodylate, 
pH 7.4, for 48 h at 4°C. Samples were rinsed in 0.15 M sodium caco-
dylate, pH 7.4, and postfixed in 1% OsO4 (4 h for antennae and 1 h for 
testes). Samples were dehydrated through ethanol series and propylene 
oxide. Samples were substituted in 3 vol propylene oxide/1 vol resin 
(2 × 30 min), 1 vol propylene oxide/1 vol resin (2 × 30 min), and then 
1 vol propylene oxide/3 vol resin (2 × 30 min) and finally embedded 
in epon medium (Fluka). Ultrathin sections were cut on an ultramicro-
tome (UC7; Leica Biosystems) and contrasted manually in methanol/
uranyl acetate 7% and aqueous lead citrate. Contrasted sections were 
observed on a transmission EM (CM120; Philips) at 120 kV. Images 

were acquired with a 2k × 2k digital camera (ORI US 200; Gatan) and 
digital micrograph software and processed with Photoshop CS5.

IF quantification
Quantifications of centriole and TZ lengths were performed on sum 
projections of confocal stacks made with identical settings in control 
or mutant situation, such to avoid saturated signal. The intensity pro-
file along the centriole or TZ was plotted. Length was measured be-
tween the first pixel and the last pixel above the background threshold. 
Quantification of Klp59D and Cep290 intensities was performed using 
ImageJ and by measuring the sum of pixel intensity in a defined re-
gion encompassing the centrioles. Background intensity was subtracted 
by measuring the sum of pixel intensity in an adjacent region of the 
same area next to centrioles. Statistical analyses and graphs were made 
using Prism 7 software.

Statistics
Quantification results are represented as scatter plots with the mean 
and SD on all figures. Statistical significance was determined by a 
two-tailed unpaired Student’s t test (Prism 6 software; ns, P > 0.05;  
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001).

Fertility test
1- or 2-d-old males were crossed individually with three w1118 virgin 
females. After 5 d, crosses with at least one dead fly were eliminated 
from the test. Mated flies were discarded from conserved crosses. All 
flies that hatched out from the crosses were counted.

Western blot
Proteins were extracted from 48-h pupae (15) testes. Fusion proteins 
were revealed using a rabbit anti-GFP antibody (1/2,500; Abcam).

Online supplemental material
Fig. S1 shows the localization of MKS components in wild-type or 
B9d2, tctnΔ mutant Drosophila antennae. Fig. S2 shows the dynamics 
of TZ components in the male germ cells. Fig. S3 completes the 
phenotypic description of dila81; cby1 mutant germ cells, including 
transmission EM analysis, Rab8 expression, and MKS1 or Cep290 
expression levels. Fig. S4 shows IF analysis and quantification of MKS 
and Cep290 components in cby1 or dila81 mutant male germ cells. 
Fig. S5 completes the phenotypic description of Klp59D KD testes, 
including EM observations. Online supplemental material is available 
at http ://www .jcb .org /cgi /content /full /jcb .201603086 /DC1.
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